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Abstract This paper focuses primarily on extremes in the historical instrumental
period. We consider a range of phenomena, including temperature and precipitation
extremes, tropical and extra-tropical storms, hydrological extremes, and transient
extreme sea-level events. We also discuss the extent to which detection and attri-
bution research has been able to link observed changes to external forcing of the
climate system. Robust results are available that detect and often attribute changes
in frequency and intensity of temperature extremes to external forcing. There is also
some evidence that on a global scale, precipitation extremes have intensified due
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Fig. 1 Schematic representations of the probability distributions of daily temperature, which
tends to be approximately Gaussian (exceptions can be caused by soil freezing, feedbacks, or
energy balance constraints, see text), and daily precipitation, which has a skewed distribution.

Source: Zwiers et al. 2013
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Fig. 2 Annual trends in warm nights (TN90p) using different datasets for the period 1951-2010
where at least 40 years are available. The datasets are (a) HadEX2 (Alexander and Donat 2011),
(b) HidCHCNDEX (ETCCDI indices calculated from an updated version of HadGHCND (Caesar
et al. 2006)) and (¢c) GHONDEX (Donat and Alexander 2011). Panel (d) represents the global
average time series plots for each of the three datasets presented as anomalies relative to the
19611990 with associated 2 1-year Gaussian filters

Zwiers et al. 2013



08

180 120W  GOW 0 gE 120 180 [MOA4
BON 02
BON{ 02
ANT  aond 01 .
0 =
20N . £
£nd .
032
BON 0.3
BON 04
ALL 40N 0.5

EGHY v
180 120w 60w

Longitude (%)

Fig. 4 Geographical distribution of trends of extreme precipitation indices (PJ) for annual maximum
daily precipitation amounts (RX71D) during 1951-1999. Observations (OBS); model simulations
with anthropogenic (ANT) forcing: model simulations with anthropogenic plus natural (ALL) forcing.
For models, ensemble means of trends from individual simulations are displayed. Units: per cent
probability per year (From Min et al. (201 1; see paper for details))

Source: Zwiers et al. 2013



IPCC AR5: Low confidence in long-term (centennial-scale) changes in tropical

cyclones

Normalized Tropical Atlantic Indices
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Sources: Vecchi and Knutson, J. Climate (2011); Landsea, Vecchi, Bengtsson, Knutson. J. Climate (2010).



Non—Parametric Trend 1950-2000
in Annual Vol. Soil Moisture (%/yr)
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Fig. 7 Global distribution of linear trends in annual mean volumetric soil moisture for 1950-2000
obtained from the Variable Infiltration Capacity (VIC) hydrologic model when driven with obser-
vationally based forcing. The trends are calculated using the Theil-Sen estimator and evaluated
with the Mann-Kendall nonparametric trend test. Regions with mean annual precipitation less than
0.5 mm day* have been masked out because the VIC model simulates small drying trends in desert
regions that, despite being essentially zero, are identified by the nonparametric test (From Sheffield
and Wood (2008: Fig. 1)) Source: Zwiers et al. 2013

IPCC ARS5: “The frequency and intensity of drought has likely increased in the
Mediterranean and West Africa, and likely decreased in central North America

and north-west Australia.”
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Fig. 8 Estimated trends in (upper) annual 99th percentile of sea level based on monthly maxima
of hourly tide gauge readings from 1970 onwards. and (lower) 99th percentile after removal of the
annual medians of hourly readings. Only trends significant at the 5 % level are shown in color: red
for positive trends and Blue for negative trends. Linear trends were estimated via least-squares
regression taking the interannual perigean tidal influence into account (From Menéndez and
Woodworth 2010). The figure shows that extreme sea levels have risen broadly. and that the domi-
nate influence on that rise is from the increase in mean sea level

Source: Zwiers et al. 2013



MONITORING AND
UNDERSTANDING TRENDS IN
EXTREME STORMS

State of Knowledge

BY KeNNeTH E. KunkeL, THoMas R. KArL, HAROLD Brooks, James KossiN, Jay H. LAWRIMORE,
Derek ARNDT, LANCE BosarT, DaviD CHANGNON, Susan L. CutTer, NoLAN Doesken, KerrY EMANUEL,
PaveL YA. GroismaN, RicHARD W. Katz, THoMAs KNUTSON, James O’BRIEN, CHRISTOPHER |. PACIOREK,
THomMas C. PeTerson, KeLy RepmonD, Davip RosinsoN, Jerr TRaPP, RusseLL Vosg, ScoTT WEAVER,
MicHAEL WEHNER, KLaus WOLTER, AND DoONALD WuUEBBLES

Review of the climate science for severe convective storms, extreme precipitation,
hurricanes and typhoons, and severe snowstorms and ice storms shows that the ability to
detect and attribute trends varies, depending on the phenomenon.

SOURCE: Bull. Amer. Meteor. Soc., April 2013.
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Reported tornadoes in US NWS database (1950-2011). Red is F1 and stronger.

Kunkel et al. BAMS 2013.
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Fig. 3. Time series of decadal values of an index (standardized to 1) of the number of 2-day precipitation totals
exceeding a threshold for a 1-in-5-yr occurrence for seven regions and the United States as a whole. This was based
on an individual analysis of 930 long-term stations. Station time series of the annual number of events were gridded
and then regional annual values were determined by averaging grid points within the region. Finally, the results
were averaged over decadal periods. SOURCE: Kunkel et al. BAMS 2013.
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FiG. 4. Changes in observed 20-yr return value of the daily accumulated pre-
cipitation (in.) from 1948 to 2010. Only locations for which data from at least
two-thirds of the days in the 1948-2010 period were recorded are included
in this analysis. The change in the return value at each station is shown by a
circle whose relative size portrays its statistical significance: the large circles
indicate the z score (estimated change in the return value divided by its stan-
dard error) is greater than two in magnitude, medium circles indicate the
z score is between one and two in magnitude, and the small circles indicate
the z score is less than one in magnitude.

Source: Kunkel et al., BAMS, 2013
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A “double-downscaling” approach for modeling the frequency of intense Atlantic
hurricanes under late 21 century climate conditions.

2) Regional model'projécts
change in hurricane €otints
from climate model dutput.
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Relative SST-based statistical model describes Atlantic basin projected
tropical storm changes fairly well:
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Summary of Atlantic Tropical Cyclone Projections over the 215t Century (CMIP3)

Projected Changes in Atlantic Hurricane Frequency over 21* Century

bars indicate “best” estimate, dots indicate alternative estimates.

10

0

Change in number of storms per decade

Trop. Storm+ Cat.2+3 Cat.4+5
Cat. 1 Hurr. Hurricane Hurricane

Adapted from Knutson et al. (2013, J. Clim.). See also: Knutson et al. (2009), Zhao et al. (2009),
Bender et al. (2010), Villarini et al. (2011), Villarini and Vecchi (2012, 2013)



GFDL Hurricane Model: Category 4 & 5 Hurricane
Tracks (27 simulation years)

Present-Day (1980-2006): 14 storms  CMIP5 (Early 215t Century): 20 storms
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Source: Knutson et al. (J. Climate, 2013).



Emergence Time Scale: If the observed Cat 4+5 data since
1944 represents the noise (e.g. through bootstrap
resampling), how long would it take for a trend of ~10% per
decade in Cat 4+5 frequency to emerge from noise?
Answer: ~60yr (bythen 95% of cases are positive)

Number of Cat 4+5 Atlantic Hurricanes
With Emanuel Adjustment for Early Storm Intensities
T | T I T | T | T | T I T
Decreasing confidence in data

Number of Landfalls

Instead, assume
residuals from a 4t
order polynomial:
55 yr

Instead, resample
chunks of length
3-7yr: 65-70 yr

U.S. Landfalling Cat 4-5 hurricanes (1851-2008)

Line: 20-yr running an; source: HURDAT
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Source: Bender et al., Science, 2010.



LATITUDE

Explaining Extreme Events from a Climate Perspective...

Surface temperature: annual-mean extremes for 2013

Annual 2013 anomalies Annual means: 2013 extremes

BO°N
40°N

40°N (A

40°S o 40°5 1

80°S 1 s 80°S 1

oo EEENEEEERE

Q° 100°E 160°W 60°W
LONGITUDE

Highest (3.0%)

2" highest (3.1%)
I 3 highest (4.3%)
I 3 lowest  (0%)
U 2" lowest  (0%)

Lowest (0%)

Map Legend:
(and percent
coverage by
category)

Source: Knutson, Zeng, and Wittenberg, BAMS, accepted (2014)



Surface temperature annual-mean extremes for 2013: historical context
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Australia Region: Annual Temperatures

[39]

11 T |- I ! | ! [1

! 11

CMIPS All-Forcing Indiv. Ens. Members

= CMIP5 All-Forcing Ensemble Mean (23 models)
= Observations (HadCRUT4)
= CMIP5 Natural-Forcing Ensemble Mean (10 models)

LA AL LR L |

[o]
[/

7 Sensitivity
Tests

&/
05 ]
i Agung PLnalubo .
I Santa Maria El Chichon ’
Krakggau || ™ ™77 00 b b wl o
1880 1900 1920 1940 1960 1980 2000
Year
20m - 7 g L
] % I
| NDese o Ratio= py,
<7 Pnat
ws] ~ J};,

e

T
100 120 Ta0E 160 180

Sliding Trend Analysis

1 1 1 1

T
2000

**7  Observed Trends
. Attributable to
40 External Forcing

- 4

j -

3

-+ 2.0 -

C

G_) -

(@)

~

N 0.0
[

@ —

()]

© -2.0

Non-Detectable Trends
-4.0 T T T T T T
1880 1900 1920 1940 1960 1980
Beginning Year of Trend (All Trends Ending in 2013)
Attributable Risk Analysi
02 T B \llllllAAII%Allklllklllllkll M BT
| — CMIPS Natural-Forcing Distribution 2009
0.18H — CMIP5 All-Forcing Distribution N
0.16- i _ 2013 |

. 0.14]- Occurrence B HH _

9 . .

=1 =

§ 0.2 Ratio = inf. | N

g | -

< 0.1+ -

o

Z

S 0.08[ -

)

& 0.06} —
0.04 -
0.02} -

0 e R S R
- A5 -1 05 0 05 1 15 2 25

Anomaly (°C) relative to 1881-1920

P @nd pyar @ Probabilities of exceeding the threshold in the All Forcing and Natural distributions.
Source: Knutson, Zeng, and Wittenberg, BAMS, accepted (2014)



LATITUDE

Annual Mean Precipitation Extremes for 2013 (100 yrs+ of record)
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LATITUDE

Annual 2013 Extremes - Precipitation
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2013 Annual Mean Precipitation Extremes: Climate Perspective

U.S./Canadian border region: annual means
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2013 Annual Mean Precipitation Extremes: Climate Perspective

U.S./Canadian Border Region — Annual-mean Precipitation
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Remaining Challenges to these Analyses

- limitations to historical data length, data quality,
model ensemble size, and model control run

length

- important underlying question of how well current
models simulate internal (intrinsic) climate
variability.

- room for improvement in addressing model biases,
station/gridcell scale mismatches, and modeling
the extreme ends of the distributions (e.g. with
Generalized Extreme Value methods).



Arctic Sea Ice Is Decreasing...
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September Arctic Sea Ice Extent Anomaly (10 5 Km 2)
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September 2012: Arctic Sea Ice Extent Anomaly vs. Global SAT Anomaly

(a) September Arctic Sea Ice Extent Anomaly vs. September Global Mean SAT Anomaly (2012)
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Summary — Some Recent GFDL Work on Extremes

1.

Hurricanes and Climate Change:

No detectable influence of greenhouse warming on hurricanes yet. Likely
contribution of human aerosol forcing to temporary lull in Atlantic activity.

Late 215t century projections: increased average intensity and
precipitation rates; decreased overall tropical storm frequency. Sea level?

Sandy’s unusual left turn may have been made more likely by historical
anthropogenic climate forcing since 1860.

2. Examples of attribution for recent climate extremes

Temperatures (seasonal- or annual-mean warm extremes)

o Australia region (2013) — risk increase fully attributable to anthro. forcing,
according to CMIP5 models

Precipitation (seasonal- or annual-mean extremes)

o U.S./Can. border (2013) — risk increased 2-3x by anthro. + nat. forcing
combined, according to CMIP5 models

Arctic seaice: 2012 extreme loss — difficult for models to capture






CMIP5/RCPA4.5 Late 21t Century Projection: Cat 4-5 Occurrence
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CMIP5/RCPA4.5 Late 21t Century Projection: Tropical Storm Occurrence
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Talk Outline — Some Recent GFDL Work on Extremes

1. Tropical Cyclones and Climate Change:

. Review of IPCC AR5: detection/attribution of possible human influence on
past tropical cyclone activity (open science questions).

. Late 215t century projections:
o  Atlantic basin downscaling (Dec. 2013 J. Climate)
o  Global tropical cyclone downscaling

2. Examples of attribution for recent climate extremes

. Temperatures (seasonal- or annual-mean warm extremes)
. Precipitation (seasonal- or annual-mean extremes)
. Arctic sea ice: 2012 extreme low extent

3. The “global warming hiatus”
. Consistency of CMIP5 models with observations (data-available regions)

. Possible impact of observing network on the consistency results



IPCC AR5 Summary for Policymakers (Sept. 2013)

[Statements related to TCs and climate change]

Phenomenon:
- Increase in intense tropical cyclone activity

Assessment that changes occurred:
- Low confidence in long-term (centennial) changes
- Virtually certain in North Atlantic since 1970

Assessment of a human contribution to observed changes:
- Low confidence
- “There is medium confidence that a reduction in aerosol
forcing over the North Atlantic has contributed at
least in part in the observed increase in tropical
cyclone activity since the 1970s in this region.”

Likelihood of further changes (late 215t century):
- More likely than not (Western North Pacific and N. Atlantic)




What caused the rise in Atlantic hurricane activity since the 1970s?

Booth et al. (2012) attribute North Atlantic multidecadal

SST variations primarily to aerosol forcing. Villarini and Vecchi

(2013) attribute part of the multidecadal ‘lull’ in Atlantic
hurricanes (70s and 80s) to aerosol forcing.
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* Did Aerosols force 20t century multi-decadal changes in Atlantic tropical storm frequency?

- Hadley Centre model (HadGEM2-ES) suggests a strong aerosol forcing/SST/TC frequency link.
- Their future projections (RCP2.5, RCP4.5) show a decline in TCs over the coming century...
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Aerosol Effects and Upper Ocean Heat Content

North Atlantic Upper Ocean Heat Content (1022J))
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* Observations show substantial warming trend in the North Atlantic upper ocean heat content
 All-forcing simulations used in Booth et al. (2012) show no warming trend

* The discrepancy is mainly due to anthropogenic sulfate aerosols and the indirect effects of
sulfate aerosols are strongly overestimated

Reference: Rong Zhang et al., J. Atm. Sci., 2013.
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Two GFDL models reproduce the interannual variability of
Atlantic hurricane counts; trend in NCEP reanalysis-forced

Atlantic Hurricanes (1980-2008): HIRAM-Simulated vs. Observed

Correlation = 0.73; Linear trends: +0.18 storms/yr (model) and +0.13 storms/yr (observed)

Hurricanes ( Aug. - Oct. )

ZETAC model is too large

Correlation: ens-mean = 0.69; Linear trends: +0.10 storms/yr (model ens mean)

ens-range = [0.47,0.59 [+0.06, 0.15] storms/yr (model ens range) +0-13 storms/yr (observed).
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Tropical Storms (1980-2008) Present-Day Climate
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GFDL dynamical downscaling to 6 km grid model; preliminary results, 2014.



Normalized histogram of maximum winds (1980-2008 Obs. SSTs)
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CMIP5/RCPA4.5 Late 215t Century Projections

histos_g,rams of max wind
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Mean maximum windspeed changes for storm intensity of at least:
Tropical storms: Global: +3.6% [range: -5.6% (Southwest Pac) to +8.2% (NE Pac.)]
Hurricanes: Global: +4.1% [range: -3.1% (Southwest Pac.) to +7.8% (NE Pac.)]

Aggregate activity:
Power Dissipation Index: Global: -9.7%
Cat 4-5 storm days: Global: +34.5%

Global Frequency: Tropical storms: -16% [range: -37% (Southwest Pac) to +27% (N. Ind.)]
Cat 4-5 storms: +24% [range: -58% (Southwest Pac) to +340% (NE Pac.)]



CMIP5/RCPA4.5 Late 215t Century Projection
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Mean rain rate within 100 km radius of storm center:
Tropical storms: Global: +14 % [range: -1.2% (Southwest Pac) to +21% (NW Pac.)]
Hurricanes: Global: +13 % [range: +3.4% (Southwest Pac.) to +20% (N. Atl.)]

GFDL dynamical downscaling to 6 km grid model,;
preliminary results, 2014.



Global Mean Surface Temperature Anomalies

a) CMIP5: All Forcings (Anthro. + Natural)

b) CMIP5: Natural forcing only (solar & volcanic)
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1901-2010 Surface Temperature Trend Assessment

Observed trend (HadCRUT4) CMIP5 All-Forcing ensemble trend
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1951-2010 Surface Temperature Trend Assessment *

Observed trend (HadCRUT4)
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1981-2010 Surface Temperature Trend Assessment™

Observed trend (HadCRUT4) CMIP5 All-Forcing ensemble trend
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Global mean surface temperature anomaly (HadCRUT4)

—— Linear trend (1997-2012): 0.047 C/10yr

1850 1900 1950 2000
Year

Note: Trend using previous year’s version of HadCRUT4 was 0.0446 C/10yr.
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Assessment of Global Surface Temperature Trends (1997-2012)

CMIPS5 Historical/Control Runs; Base case: HadCRUT4 (available area only);
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Are missing temperature observations in the Arctic causing the hiatus?
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Assessment of Global Surface Temperature Trends (1997-2012)

CMIPS5 Historical/Control Runs; Base case: HadCRUT4 (available area only); Adjusted cases (red) missing data imputed.
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Kendall’s r Kendall’s r Kendall’s r
(2 days,5 years) | (2 days,5 years) | (99th percentile)
Region 1895-2010 1957-2010 1957-2010
United States 0.240 0.388- 0.340-
Northeast 0.065 0.266* 0.360°
Southeast 0.242: 0.192¢ 0.188¢
Midwest 0.206* 0.224* 0.301
Northern Great Plains 0.032 0.146 0.085¢
Southern Great Plains 0.097 0.053 —
Northwest -0.006 0.063 0.062
Southwest 0.012 0.121 0.048

* Significant at the 0.01 level.
* Significant at the 0.05 level.
¢ Results for combined northern and southern Great Plains.
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Fic. 6. Number of extreme snowstorms (upper 10th percentile) occurring
each decade within the six U.S. climate regions in the eastern two-thirds of
the contiguous United States (based on an analysis of the 50 strongest storms
for each of the six climate regions from Oct 1900 to Apr 2010). The inset map
shows the boundaries of each climate region. These regions were selected
for consistency with the National Oceanic and Atmospheric Administration’s
(NOAA) monthly to annual operational climate monitoring activities. The
map includes standardized temperature anomalies and precipitation depar-
tures from the twentieth-century mean calculated across all snow seasons
in which each storm occurred. The snow season is defined as Dec~Mar for
the South and Southeast regions and Nov-Apr for the other four regions.

Source: Kunkel et al., BAMS, 2013
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FiGc. 7. (a) Area-weighted annual percentage of U.S. homogenous snowfall
stations exceeding their own 90th percentile seasonal totals, from 1900-01
to 2010-11. Reference period is 1937-38 to 2006-07. (Adapted from Kunkel
et al. 2009b). Thick blue line is the Il-yr running mean of the percentages.
Dashed line is the number of grid cells with active stations each year. (b) As
in (a), but for the percentage of the contiguous U.S. snowfall data below the
10th percentile.

Source: Kunkel et al., BAMS, 2013
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Hurricanes (1980-2008)
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Tropical Storms (1980-2008) Present-Day Climate
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CMIP5/RCPA4.5 Late 215t Century Projection
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Atlantic TC projections for late 215t century:

Tropical storm frequency: In the Atlantic, GFDL downscaling
approaches support a reduced frequency (~-25%, range 0 to
-50%)), but the projected range is even wider across a range of
studies (-70% to +40%). Relative SST statistically describes this
variation across dynamical model projections fairly well (r2=0.55).

Hurricane intensity: Our models simulate about 5% increase in
lifetime maximum intensity (range -4 to +11%).

Frequency of intense hurricanes: does not behave like overall TC
frequency. Our model projects +87% for CMIP3 (range -90 to
+240%); for CMIP5 it projects +45% (Early 21°') and +39% (Late 21%Y)
though only marginally significant.

Tropical cyclone precipitation: robust increase in rate in model
projections. Simulated increase is at a rate expected from Clausius-
Clapeyron (total water vapor) or about +11% at 200-400 km radius,
but with higher percentage increase (~+30%) closer to the storm
center (50-150km). For 100 km radius the range of changes across
the models was: -3 to +38%.




Tropical Cyclones and Climate Change

Tropical cyclones can be extremely damaging
— Cyclone Nargis (2008; Myanmar; 138,000 deaths)
— Hurricanes Katrina ($130B), Sandy (NY/NJ), Iniki (Hawaii)
— SuperTyphoon Haiyan (2013; Philippines; 6200+ deaths)

Sea-level rise a concern; here we focus on changes in
storm characteristics with climate warming

No detectable influence yet of greenhouse warming on
TC (e.g., long-term trends).

Atlantic Basin projections study: see Journal of Climate
(Sept. 2013)

Today’s talk: Preliminary results of new global study



TROPICAL CYCLONES SUMMARY ASSESSMENT:

Detection and Attribution:

It remains uncertain whether past changes in any tropical
cyclone activity (frequency, intensity, rainfall, etc.) exceed
the variability expected through natural causes, after
accounting for changes over time in observing capabilities.

Source: WMO Expert Team on Climate Change Impacts on Tropical
Cyclones. February 2010



Future Climate Projections-
Some notes on ocean coupling

GFDL hurricane model includes a three-dimensional ocean component to
simulate cool wakes and their interaction with the storm. We are one of

just a few groups that attempt to incorporate this effect in our TC/climate
change studies for high-resolution (intense TC) simulations.

Knutson, Tuleya, Shen, and Ginis (J. Climate 2001) found that while ocean

coupling reduces storm intensity, the percent increase is TC intensity with

climate warming is about the same with or without ocean coupling. Based
on CO2-warming experiment with GFDL R30 coupled model.

Vertical structure of ocean temperature change: Ensemble mean SST
change from CMIP5 climate models is initially applied uniformly over the
observed climatological ocean mixed layer depth (MLD, where SST-T__,
reaches 0.5°C). The change tapers to zero below the MLD. The tapering
also affects temperatures in the mixed layer, reducing the MLD compared
to control conditions. {CHECK ON THIS PROCEDURE TO CONFIRM
DETAILS}
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CMIP5/RCPA4.5 Late 215t Century Projection
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CMIP5/RCPA4.5 Late 215t Century Projection
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CMIP5/RCPA4.5 Late 215t Century Projection: TC Occurrence
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CMIP5/RCPA4.5 Late 215t Century Projection: Tropical Storm Formation vs. Occurrence
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CMIP5/RCPA4.5 Late 215t Century Projection

C180_hiram Normalized Histograms
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Global Mean Surface Temperature Anomalies

a) CMIP3: All Forcings (with Volcanic)
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Comparison of CMIP5 ensemble mean trend (7-model subset) vs. Observations
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Fraction of CMIP5 models meeting certain detection/attribution criteria
(7 CMIP5 Models with All-forcing runs & Natural Forcing Only runs)
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1T T T T e

CMIP5 assessment : fraction of models
(7 Models with all forcings & natural forcing only)

-4 -2-15 -1 —-05-025 0 02505 1 18 2 4

. a) Dbserved trend (H.odCI?UT‘l-? b) Medel ens. mean trend

c) No detectable change d) Warming: detect. but < simul

80°N
40°N 1
DO

4005 1

20°S 1 Cat+1 0,15

e) Consist. attnb. anthro, warm ) Warming: attrib. but > simul q) Warming: detectable h) Total attrib. anthro. warming

80°N
40°N

-
403
80°S

i) Obs & simu change are consist. j) Variabilty is consistent k) Wariahiltty & trend are consist. 1) Attrib. anthro. warm. & var. consist.

80°N !

40°N
00
40°5

UCR  Cat—2.04,4+2, 0.35 : [ ‘
0°  100°E  160°W  60°W 05 100°E  160°W  60°W 0°  100°E  160°W  60W  0°  100°E  180°W  60°W




N W A 1NN

number of storms

[

Future work: Simulations of US landfalling tropical storms
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CMIP5/RCP4.5 Late 215t Century Projection
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2013 Seasonal-Mean Precipitation Extremes: Climate Perspective

Mar.-May 2013 Extremes - Precipitation U.S. Southern Plains—Mar.-May
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Low confidence in long-term (centennial-scale) changes in TCs

Normalized Tropical Atlantic Indices
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1880 1900 1920 1940 1960 1980 2000
Year

Source: Vecchi and Knutson, J. Climate (2011)



Future TC Projections: Atlantic Basin
Methodology

* Simulate Atlantic tropical cyclone activity with
18 km grid regional atmospheric model
(Zetac)

— Observed SSTs and NCEP Reanalyses (1980-2008)

— Control boundary conditions + CMIP3 or CMIP5/
RCP4.5 Early and Late 215t century climate
changes

* Downscale all individual storm cases into
GFDL hurricane model (9-km grid, moveable
mesh, with ocean coupling)



Future TC Projections: Global Methodology

* Simulate global tropical cyclone activity with
50 km grid atmospheric model (HiRAM C180)
— Observed SSTs (1980-2008)

— Climatological SSTs
— Climatological SSTs + CMIP5/RCP4.5 Late 215t
century climate change

 Downscale all individual storm cases into
GFDL hurricane model (6-km grid, moveable
mesh, with ocean coupling)



CMIP5/RCPA4.5 Late 215t Century Projections

C180_hiram C180_hiram
Global Tropical Storms (1981-2000) Global Tropical Storms (1981-2000)
histograms of max wind normalized histograms of max wind
600 0.28
®-9® WARMING ([ o ] EVOA]\??/IRISS
CONTROL
500 @@ WARMING/downscaled . 0-24 “/\ @—® WARMING/downscaled
@@ CONTROL/downscaled g 0.20 \ @@ CONTROL/downscaled
%} \
400 )
g £ 0.16
g £
= 300 2
g 5012
& =
200 £ 0.08
[=]
=
100 > 0.04
\»— 0.00 :
00 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 920

max wind speed (m/s) max wind speed (m/s)
Mean maximum windspeed changes for storm intensity of at least:
Tropical storms: Global: +3.6% [range: -5.6% (Southwest Pac) to +8.2% (NE Pac.)]
Hurricanes: Global: +4.1% [range: -3.1% (Southwest Pac.) to +7.8% (NE Pac.)]

Aggregate activity:
Power Dissipation Index: Global: -9.7%
Cat 4-5 storm days: Global: +34.5%
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Cat 4-5 storms: +24% [range: -58% (Southwest Pac) to +340% (NE Pac.)]



Normalized histograms of max wind
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Preliminary Conclusions: Global TC Projections

1. GFDL downscaling models continues to project:

- decrease in global tropical cyclone frequency: -16%

- increase in the occurrence of the most intense
tropical cyclones (cat 4-5): +24%

- increase in the average maximum intensity of
tropical cyclones: +4%

- increase in the precipitation rates (100 km radius)
near tropical cyclones: +14%

2. These projections vary considerably by basin:
Cat 4-5 frequency increases +24% globally; +42 in
North Atlantic; +340% in NE Pacific; +200% in N.
Indian Ocean; but decreases by -6% in NW Pacific
and -59% in SW Pacific.
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St. Deviation of low-freq. (>10 yr) variability: Model vs. Observed*

a) CMIP3: 8-model-avg. b) Obs. St. Dev.* (CMIP3)
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Notes: Model estimate is from control runs; observed estimate is based on the residual with All-Forcing ensemble
mean subtracted. An additional adjustment was made to reduce the systematic error due to the computation method
for creating the residual. We let each ensemble member substitute for observations in the computation procedure.

Source: Knutson, Zeng, and Wittenberg; J. Climate 2013.



St. Deviation of low-freq. (>10 yr) variability: Model — Observed*

CMIP3: 8 models
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Global temperature attribution analysis: CMIP5 7-model ensemble
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Southeast United States: Sliding Trend Analysis
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Explaining Extreme Events from a Climate Perspective...

Regional Surface Temperature anomalies for 2013

Dec.-Feb. 2013 anomalies Mar.-May 2013 anomalies

Annual 2013 anomalies
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Source: Knutson, Zeng, and Wittenberg, BAMS, accepted (2014)




Surface temperature seasonal- or annual-mean extremes for 2013

Dec.-Feb. 2013 seasonal extremes Mar.-May 2013 seasonal extremes

Annual means: 2013 extremes
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Where were the 2012 anomalies ranked 15t, 2nd 3rd warmest or coldest?

DJF 2012 extremes MAM 2012 extremes
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Source: Knutson, Zeng, and Wittenberg, BAMS (2013)



An assessment of the extreme March-May 2012 temperatures over the eastern U.S.

Eastern U.S. Surface Temperature Anomalies (March-May)
1881-1920 reference period. CMIP5 23-model ensemble; Anthopogenic + Natural Forcing

b) Trend assessment
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2013 Annual Mean Precipitation Extremes: Climate Perspective

Sliding Trend Analysis
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Assessment of Recent Near-Global Surface Temperature Trends

CMIP5 Models; Base case is HadCRUT4 (available area only)
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Consider the distributions of 15-yr trends from a climate model for the
period 1997-2012.

* The mean of the model’s distribution is the ensemble mean of the
model’s historical run ensemble over the period in question.

* The spread about the mean for the model is the distribution of 15-
year trends from the model’s control run.
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Consider three distributions of 15-yr trends from three different models
for the period 1997-2012.

* The mean of each model’s distribution is the ensemble mean of that
model’s historical run ensemble over the period in question.

* The spread about the mean for each model is the distribution of 15-
year trends from the control run of that model.
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Assessment of Global Surface Temperature Trends (1997-2012)

CMIPS5 Historical/Control Runs; Base case: HadCRUT4 (available area only);
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Global mean temperature trend adjustments due to missing data

1997-2012 (annual means for models); 5th-95th percentile ranges about the historical run ensemble means
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Category 4-5 Tropical Cyclones: 20 yr simulations
CMIP5/RCP4.5 Late 215t Century vs. Present Day

CONTROL/downscaled - 244 storms
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24% increase in Cat 4-5 frequency globally

GFDL dynamical downscaling to 6 km grid model;
preliminary results, 2014.
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Hurricane-related precipitation rate changes
SST averaged 10°N-25°N, 20°W-80°W; Aug-Oct.; Black = CMIP3; Red = CMIP5
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Source: Knutson et al. J. Climate, 2013. 111



500 mb winds: Pre-industrial — Control
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